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I. Introduction 
 
Chapter I
Introduction 
Cytosolic free Calcium ions are important second messengers and they play important 
roles in many signaling cascades regulating numerous cellular functions. Recent 
studies have shown that the concentration of cytosolic free Calcium ([Ca2+]cyt) also 
regulate the cellular response to ionizing radiation and that radiation with either X-
rays, γ-rays and β-rays is able to trigger changes in [Ca2+]cyt. Up to now, all 
investigations on the role of [Ca2+]cyt in radiation responses were done with radiations 
of low linear energy transfer (LET), namely the aforementioned X-, γ- and β-rays. 
The response of [Ca2+]cyt to high LET radiation like heavy ion irradiation has not been 
investigated before. 
1.1 Calcium Signaling 
The intracellular Calcium in resting cells is mainly sequestered in the endoplasmic 
reticulum (ER) and the mitochondria. In the ER and in the mitochondria Ca2+ ions are 
buffered by binding to specific proteins, giving a concentration of free Ca2+ of about 1 
mM in the ER. On the other hand, the concentration of free Calcium in the cytoplasm 
and inside the nucleus ([Ca2+]intra) is maintained at a very low concentration of about 
10-100 nM. This is more than 3 orders lower than that in the intracellular Calcium 
stores and in the external medium. Hence the uneven distribution of Ca2+ creates a 
strong gradient for passive influx into the cytoplasm from both the intracellular Ca2+ 
stores and the external medium.  
Relevant signals, which trigger changes of [Ca2+]cyt, can accomplish this in two 
different ways. They can stimulate the opening of Calcium channels in the ER 
membrane or they can activate Ca2+ channels in the plasma membrane. Because of the 
gradient an activation of Ca2+ channels results in a sudden increase in [Ca2+]cyt up to 
500-1000 nM [1]. This elevation of [Ca2+]cyt is monitored by Ca2+ binding proteins 
and translated into physiological activities. Also because the nuclear envelope pores 
are permeable to molecules with masses as high as 30-60 kDa the elevation of 
[Ca2+]cyt is propagated into the nucleus [2] where it can  affect gene regulation and 
other nuclear processes. 
Fig. 1.1 shows a crude overview of the Calcium signaling pathways in mammalian 
cells. A typical signal transduction cascade involving [Ca2+]cyt  could be as follows: A 
membrane receptor is activated by a signal. The receptor, which could be a G protein-
linked receptor or a tyrosine kinase (RTKs) receptor, then activates Phospholipase C 
(PLC); PLC in turn hydrolyzes phosphatidylinositol (PIP2) into two second 
messengers, inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 binds to a 
specific IP3 receptor channel in the membrane of the endoplasmic reticular, which 
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triggers release of Ca2+ from the ER. In the alternative cascade Ca2+ enters the 
cytoplasm directly via Calcium channels.  
 
Figure 1.1 Calcium signaling in non-excitable cells. See the introduction for the signaling 
network in the text above [3]. 
Upon stimulus induced elevation of [Ca2+]cyt  the low resting level is quickly restored. 
The surplus Ca2+ is therefore pumped back into the ER or out of the cell via Calcium 
ATPases under the expense of energy. The energy of the Na+ gradient across the 
plasma membrane is also used to extrude Ca2+ from the cell (Na+/Ca2+ Exchanger) 
[1,3].  
Free Calcium ions diffuse in the cytosol, bind to proteins and enzymes, change their 
conformations and activate the targets or modulate their catalytic functions. In its role 
as a second messenger, Calcium mediates many physiological processes and cell 
functions. These include cell growth, metabolism, muscle contraction, synaptic 
transmission, fertilization, secretion and gene expression, etc [1]. On the other hand, 
extreme alterations in cytosolic Ca2+ homeostasis can have deleterious effects on cell 
structure and functions and activate apoptosis [4, 5]. 
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1.2 Interaction of Ca2+ and Ionizing Radiation 
A number of investigators have indicated that [Ca2+]cyt plays important roles in 
regulating cellular responses to ionizing radiation. Chelation of Calcium using EGTA 
/BAPTA-AM reduced or inhibited DNA fragmentation induced by X- or γ-radiation 
[6-8]. Addition of Calcium in the culture medium partially relieved the γ-ray radiation 
induced G2-arrest [9]. The elevation of γ-GCS mRNA expression induced by γ-ray 
radiation was depressed when the cells were treated with different Calcium chelators 
[10]. Zhao et al have reported that chelation of intracellular Calcium by 5 µM 
BAPTA-AM suppressed ~50% of the 5 Gy X-ray induced apoptosis [8]. 
    
(a)                                                         (b) 
   
(c)                                                          (d) 
Fig. 1.2 Different response patterns in intracellular Calcium to low LET ionizing radiations. (a) 
Calcium oscillation in A431 cells irradiated with 1-4 Gy β-ray; (b) continuous Calcium 
elevation in L5178Y cells irradiated with 1-5 Gy X-ray. LY-R stands for radiation-resistant 
L5178 cells, LY-S stands for radiation-sensitive L5178 cells; (c) transient Calcium change in 
MCF-7 cells irradiated with 4 Gy β-ray; (d) no change of [Ca2+]cyt in G1-phase HeLa cells 
irradiated with 4 Gy β-ray. The data were taken from ref. [11-12, 24]. 
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Altogether these data show that the cellular response to ionizing radiation is affected 
by [Ca2+]cyt. Furthermore, it has also been reported that radiation itself is able to affect 
[Ca2+]cyt . Szumiel et al first demonstrated a linear increase of [Ca2+]cyt between 10 and 
60 minutes after X-ray radiation in L5178Y cells [11]. Several groups demonstrated 
that X-, γ- and β-radiation induced changes of [Ca2+]cyt in several different cell lines. 
As shown in Fig. 1.2, these radiation-induced changes of [Ca2+]cyt occurred in the 
form of monotonic elevations, oscillations or single transients within minutes after 
irradiation [7-8,11-13]. However, such responses in [Ca2+]cyt to radiation have not 
been observed in all cell lines investigated. Hallahan et al demonstrated that IMR-90, 
SQ20-B and HL-60 cells showed no apparent response in [Ca2+]cyt upon β-radiation 
even with a dose as high as 33 Gy. This lack of response to radiation was found in 
cells which were still able elevate [Ca2+]cyt in response to Bradykinin, a known 
stimulus for production of IP3 [14]. A similar absence of calcium signaling after γ-
radiation was also reported in vivo [15].  
1.3 Motivation 
It is well known that a prolonged elevation of [Ca2+]cyt induces cell death by 
destroying mitochondria and in turn activates apoptotic caspases [16-17]. Since both 
high [Ca2+]cyt and ionizing radiation induce cell death, it is interesting to examine the 
interaction between [Ca2+]cyt and ionizing radiation. All of the above mentioned 
results were obtained from low LET ionizing radiations; the cellular Calcium response 
to high LET ionizing radiation has not been investigated so far.  
Ion irradiation is densely ionizing radiation and X-, γ- and β-rays are sparsely ionizing 
radiation. Ions have an LET of more than 100 keV/µm, which is much higher than the 
LET of around 0.2-2 keV/µm from X-, γ- and β-radiations. In addition, cells exposed 
to high LET and low LET radiation have shown differences in many aspects of their 
cellular response. These include the formation of γ-H2AX foci and the occurrence of 
the so called oxygen enhancement effect (OER). As shown in Fig. 1.3, X-ray 
irradiation causes a homogenous formation of foci over the entire nucleus, while ion 
irradiation causes foci only along the ion tracks in the nucleus.  
In addition, Protons and Carbon ions have been successfully used to treat cancer in 
several countries [18]. In the context of radiotherapy, a response of elevating [Ca2+]cyt 
to ion irradiation might enhance the destructive effect of radiation. Therefore, it is 
worthwhile to investigate the behavior of [Ca2+]cyt under high LET ionizing radiation. 
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Fig. 1.3 Gamma-H2AX foci formation (green) induced by ionizing radiation. Left: MRC-5 
cells, irradiated with 2 Gy of 90kV X-ray (LET~1 keV/µm), blue: DNA counter-staining [19]; 
Right: HeLa cells, targeted-irradiation with 4.8 MeV/n Argon ions of 16 Gy (LET~2000 
keV/µm. Ions were delivered in a cross pattern: 5 point per axis with 2 µm distance between 
points, 2 ion hits per point). Note the bottom-left HeLa cell was not irradiated. In the X-ray 
irradiated cells, the foci were formed homogenously in the cell nucleus, but in the ion 
irradiated cells, the foci (green cross) were formed only along the ion tracks. 
1.4 Approach 
The investigation of [Ca2+]cyt signaling in response to ion irradiation was obstructed 
by several technical problems, which were not relevant in previous experiments with 
low LET. Firstly, photon or electron radiation results in a homogenous dose 
distribution in all the irradiated cells, but a cell population irradiated with broad-field 
ion-beam obtains a random Poisson dose distribution in the cells. The mixture of cells 
irradiated with undefined numbers of ion hits, even including cells that are not 
irradiated, introduces a complexity and difficulty to interpret the experimental result. 
Secondly, most Calcium signals in cells are transient and very sensitive to 
environmental stress. Ions used to irradiate cells are usually produced by an 
accelerator. Such an accelerator has usually no facility for providing a physiological 
environment for the cells under investigation. Also it is not feasible to build a 
complete instrument for measuring intracellular Calcium at the beamline. This means 
the Calcium response to ion irradiation is difficult to measure. The un-physiological 
environment might cause a stress for the cells and disturb its Ca2+ response to 
radiation. Also because of the speed of Ca2+ signals it is not feasible to expose cells to 
radiation and measure the effect on ca2+ signaling later in a specialized laboratory.  
Relevant transient Calcium response might have disappeared during the transfer of the 
cells.  
The development of a micro beam facility for cell irradiation in the last decade makes 
it now possible to deliver a well-defined dose to individual cells of interest [20-22]. 
These microbeam single-ion-hit facilities can irradiate cells precisely at sub-cellular 
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regions with a defined and accurate number of ions. Different from the Poisson dose 
distribution in cells irradiated with a broad-field ion beam, the microbeam facility 
delivers desired doses to selected cells. At the single ion hit facility in GSI at 
Darmstadt, cell irradiation has been performed since 2003 [23]. The accelerator 
UNILAC provides heavy ions from Helium to Uranium for irradiating cells in culture 
medium at sub-cellular regions with an accuracy of 1.7 µm. In order to investigate the 
calcium response to heavy ion irradiation, we constructed a ratiometric Calcium 
imaging setup at the microbeam facility as part of the single ion hit facility. The 
combination of the two devices allows measuring of intracellular Calcium responses 
in living cells at high spatial and temporal resolution immediately after defined and 
local heavy ion irradiation.  
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Chapter II
The Single Ion Hit Facility 
The history of ion microbeam facility dates back to 1953 when Zirkle and Bloom used 
polished jaws as collimator to obtain an ion beam with a diameter of several 
micrometers. Their first study was using this microbeam to irradiate parts of 
individual cells in order to study the cellular response [1]. Later on, many ion 
microbeams were developed, but most facilities have been devoted to the field of ion 
beam analysis and material science, but not in radiobiology [2]. Since the beginning 
of 1990s, some groups became interested in the radiobiological processes which 
cannot be observed using a broad beam, and several microbeams were developed for 
cell irradiation at Columbia University (USA), the Gray Cancer Institute (United 
Kingdom) and JAEA (Japan). These microbeams use modern computers and 
automation techniques to deliver a defined number of ions into sub-cellular organs in 
a large mount of cells with a targeting accuracy of several micrometers [3-5]. 
Different from the Poisson dose distribution in cells irradiated with a broad-field ion 
beam, the microbeam facility can deliver defined doses (number of ion hits) to 
irradiated cells, and leave non-targeted cells in the same population un-irradiated. 
These newly developed microbeams have been used as powerful tools for studying 
the process of the so called bystander effect, the adaptive response as well as the low 
dose effect [6-9]. This successful application has attracted more groups to develop 
microbeams for cell irradiation [10-15].  
In this context also the heavy ion microprobe at GSI has been modified to a single ion 
hit facility for cell irradiation; the first successful experiment was performed in 2003 
[13]. Since then, the performance of the facility has been constantly improved; a 
recent development of this facility is presented in this chapter.  
2.1 The Single Ion Hit Facility for Radiobiology 
The single ion hit facility is part of the microprobe at GSI, which provides ions from 
Helium to Uranium with energies up to 11.4MeV/nucleon produced by the UNILAC 
accelerator [16]. As shown in Fig. 2.1, the system works as follows: the accelerated 
ions enter the object slit of the microprobe and are focused onto the target plane by 
the magnetic lens (quadru-pole triplets). A beam switch in front of the object slit is 
used to deflect the beam away from the entrance of the magnets lens in 200 ns. The 
magnetic beam deflector in front of the lens deflects the focused ions to places in the 
target plane defined by the coordinate-generator. The focused ions are introduced into 
air through a vacuum window made of 200 nm thick Si3N4 coated with 20 nm thick 
gold and 50 µg/cm2 CsI. When the ions penetrate the vacuum window, a cloud of 
secondary electrons is generated from the surface of the window. These secondary 
electrons are attracted to a Channeltron™ detector and amplified to be used as the 
signal for single ion detection [17].  
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Fig. 2.1 The single ion hit facility for cell irradiation at GSI.  
For the irradiation of living cells, the beam has to pass through air and must then be 
focused on cells in liquid nutrient medium. However, normally ion beams are 
transported and focused in vacuum. Most of traditional beam focus techniques used in 
vacuum is not feasible in air except scanning transmission ion microscopy (STIM).  
In the facility illustrated in Fig. 2.1, the microbeam is focused onto the plane of the 
cells by STIM in the following way: The cell dish is removed, a copper micro-grid is 
placed into the plane of the cells, and an image of the grid is produced by scanning 
ion transmission microscopy as illustrated in Fig. 2.2.  
 
Fig. 2.2 The principle of beam focusing using STIM. The beam focus is tuned by adjusting 
the focal length of the magnetic lens (by changing the current of the magnetic lens), while the 
plane of the micro-grid is fixed. 
The microbeam is scanned over the copper micro-grid in X and Y, the energy 
spectrum (E) of the transmitted ions is collected by an energy detector behind the 
micro-grid and the data (X, Y, E) are stored. When an ion penetrates a grid-bar it loses 
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energy. Therefore, one gets an image of the micro-grid, when one is mapping only 
events with reduced energy. Like in traditional scanning electron microscopy, one can 
adjust the focal length of the beam by adjusting the current of the magnet lens. 
Therefore one can get a sharp image by properly adjusting the lens current until the 
focal plane of the beam is at the plane of the grid (the plane of the cells).  
Normally the beam possesses a rate of ~200 ions per second and a beam spot of 0.7 
µm diameter in air. Using a scintillator, one can see the beam with a CCD camera and 
determine the amount of deflection to hit the target. An automated X-Y cell stage is 
mounted on the flange of the vacuum window and behind the flange is a home-made 
fluorescence microscope mounted on a movable platform. For a cell irradiation 
experiment, cells are seeded and grown in a cell dish made of stainless steel with a 
Polypropylene foil as dish bottom. The cells are normally nucleus-stained using 
Hoechst 33342 which eases the automatic cell-recognition by the software through 
fluorescence microscopy. Before the irradiation, the cell dish is closed with cover 
glass with nutrient buffer inside, and then placed vertically into the x-y stage. The 
cells in one field of view are recognized automatically by the computer and marked 
with red crosses at the center of cell nuclei, where the cell should be hit with a defined 
number of ions. When the irradiation in one field of view is finished, the cell stage 
moves to the next field of view. 
Previous microbeam facilities using collimating technique have a fixed beam, and the 
cell stage is driven by motors to the beam position for irradiation [3-5]. The advantage 
of the system at GSI over previous facilities is that the microbeam is moved rapidly 
with the magnetic deflector to each cell within a field of view, and the X-Y stage is 
only necessary to move to the next field of view. It is therefore inherently faster than 
systems using a collimated microbeam. In addition, the focused microbeam has less 
scattered ions than the collimated microbeam, which gives a well defined LET. Up to 
now, the activity of this facility is mainly devoted to examine the cellular bystander 
response to ionizing radiation of high LET [18-19]. 
2.2 Instability 
To precisely hit individual cells with an aiming accuracy of a micrometer, not only the 
beam spot must be very small, but also the positioning of the beam must be very 
precise. In particular, the position of undeflected microbeam should be known at any 
time. One also needs to know the position of the cells, and the voltage needed to 
deflect the microbeam to a particular cell position. To this end, the microbeam (in the 
form of a light spot on a scintillator) and the cells are observed by the same 
microscope-camera setup. 
Ideally, the position of the undeflected beam is stable and only measured once a day. 
Then it is only necessary to measure the position of the cells to be irradiated. 
Unfortunately, the apparent position of the beam drifted over 10 to 15 µm within an 
hour during the experiment. Happily, it could be proved by scanning transmission ion 
microscopy that the microbeam-position and the X-Y stage which carries the cell dish 
10 
 
 
 
 
II. Single Ion Hit Facility 
 
or scintillator was stable within 0.5 to 1 µm for one day. So the microscope-camera 
setup must have been unstable. The reason for that was that the microscope-objective 
and the CCD-camera were mounted on a common platform which could move 
relative to the beam axis due to thermal fluctuations.  
To induce the influence of the thermal fluctuation, the cave of the facility was air 
conditioned and the UV lamp was isolated from the platform. Before an experiment, 
the facility is heated overnight to reach thermal equilibrium (magnetic lens current 
and UV lamp are switched on). As shown in Fig. 2.3, the temperature of the platform 
still varied around 1°C during the day and the platform drifted 2-3 micrometers due to 
its temperature change. However, the temperature of the platform varied more than 
1°C due to disturbance of the thermal equilibrium during the irradiation experiment 
(e.g. to open and close the cave), thus the drift of the apparent beam was more than 3 
micrometers.  
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Fig. 2.3 The drift of the platform in X and Y direction in 10 hours during the day. 
Another solution was used to reduce the influence of the drift of the platform by 
mounting the microscope objective rigidly on the small chamber carrying the X-Y 
stage. As illustrated in Fig. 2.4, if the beam focus, visualized by the scintillator, is 
initially imaged on position P0 on the CCD camera (Fig. 2.4a), it will be imaged on P1 
on the CCD camera when the platform moves a distance of d in the direction of x-axis 
under the influence of thermal fluctuations (Fig. 2.4 b). If the microscope objective 
has a magnification of 20 the distance between P1 and P0 will be 20 x d. When the 
microscope objective is mounted on the small chamber, the same drift of the platform 
will shift the image of the focus only the distance of d on the CCD-camera (Fig. 2.4c). 
one should note that if the image in the CCD camera drifts a distance of d, the 
translated beam position will be shifted a distance of d/20, when the microscope 
objective has a magnification of 20 times. Therefore, the influence of the thermal drift 
of the platform on the translated beam position could be much reduced. 
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Fig 2.4 The influence of the platform drift on the translation of the beam position.  
2.3 Online Hit Verification Method 
The targeting accuracy of a single ion hit facility is traditionally tested either 
indirectly by aiming at pre-etched tracks in a nuclear track detector, or directly by 
making the ion tracks inside cells visible by a stain coupled to special proteins 
produced in response to ion hits [20]. These methods are time consuming and the 
targeting accuracy can be verified only after the experiments. To check the targeting 
accuracy before cell irradiation instead of afterwards, an online hit verification 
method is developed for the SIHF at GSI. For details please see the appendix at the 
end of this chapter [21]. 
X 
platform 
undeflected 
(a) The objective and the CCD 
camera are mounted on the 
platform. The initial image of the 
beam focus on the CCD camera 
is at position P0. 
beam axis P0
Z 
 
 
(b) When the platform drifts a 
distance of d in the direction of 
x-axis, the image of the focus 
will move a distance of 20 x d 
with respect to the CCD camera, 
when the microscope objective 
has a magnification of 20 times. 
 
 
(c) When the microscope 
objective is rigidly fixed to the 
small chamber carrying the x-y-
stage, the image on the CCD 
camera shifts only a distance of 
d, when the platform drifts a 
distance of d. 
beam 
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20x objective 
CCD  
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}d 
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Appendix 
A FAST ONLINE HIT VERIFICATION FOR THE 
SINGLE ION HIT SYSTEM AT GSI 
Guanghua Du*, Bernd Fischer, Philippe Barberet, Markus Heiss 
Gesellschaft für Schwerionenforschung (GSI), Planckstr. 1, 64291 Darmstadt, Germany 
ABSTRACT 
For a single ion hit facility built to irradiate specific targets inside biological cells, it is 
necessary to prove that the ions hit the selected targets reliably as the ion hits usually 
cannot be seen. That ability is traditionally tested either indirectly by aiming at pre-
etched tracks in a nuclear track detector, or directly by making the ion tracks inside 
cells visible by a stain coupled to special proteins produced in response to ion hits. 
However, both methods are time consuming and hits can be verified only after the 
experiment. That means targeting errors in the experiment cannot be corrected during 
the experiment. Therefore, we developed a fast online hit verification method that 
measures the targeting accuracy electronically with a spatial resolution of ±1µm 
before cell irradiation takes place. 
INTRODUCTION 
In the last decade, several microbeam irradiation systems have been developed for 
application in radiobiology. These facilities introduce beams into the atmosphere for 
hitting living biological targets and can deliver an exact number of particles onto 
biological targets with an aiming accuracy of micrometers [1-3]. The ability of these 
tools to discriminate between hit and non-hit cells and to deliver a precise dose is of 
particular interest to investigate various phenomena related to low dose radiation 
response [4-5].   
A single particle hit facility used for biological applications is based on three main 
parts: a beam shaping apparatus (collimating and/or focusing) necessary to obtain a 
micrometric beam size, a precise target positioning system, and a microscope used to 
localise the cell. To expose specific targets inside biological cells to ions, it is 
necessary to prove that the ions hit the selected targets reliably as the ion hits usually 
cannot be seen. That ability is traditionally tested either indirectly by aiming at pre-
etched tracks in a nuclear track detector, or directly by making the ion tracks inside 
cells visible by a stain coupled to special proteins produced in response to ion hits [6]. 
However, both methods are time consuming and hits can be verified only after the 
experiment. That means targeting errors in the experiment cannot be corrected during 
the experiment. Therefore, we developed a fast online hit verification method that 
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measures the targeting accuracy electronically with a spatial resolution of 1µm before 
cell irradiation takes place. 
 
THE ONL
The Single 
perform targ
about this fa
a special m
experiments
thickness of
shown in F
transmission
Using the sa
of ions were
(ion-hit coo
system. The
energy E1=
passed thro
Therefore o
window by Fig 1. The online hit verification arrangement of the single ion hit system at GSIINE HIT VERIFICATION METHOD 
Ion Hit System for cell irradiation at GSI has recently been adapted to 
eted cell irradiation. The system is partly shown in Fig.1, more details 
cility are described in reference [7]. To perform the online hit verification, 
icro grid is placed in the plane where the cells are during biological 
. The grid bars are made of copper and have a bar width of 6µm and a 
 about 8µm at the middle of the bar. The microscopic image of the grid is 
ig. 2. A silicon detector is introduced behind the grid to measure the 
 energy of the delivered ions.  
me technique as the one used for irradiating cells, a pre-defined number 
 delivered only to the grid bars, and the transmission ion microscopy data 
rdinates and transmission energy) are acquired by a CAMAC acquisition 
 single ions that actually hit the grid should have a lower transmitted 
E0- ∆E due to the energy loss ∆E in the bar, and the miss-hit ions that 
ugh the hole should have an energy close to the initial energy E0. 
ne can check online the global ion-aiming accuracy in the whole targeted 
the distribution of ions of lower transmission energy.  
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RESULTS AND DISCUSSION 
 
Fig. 2 shows an online hit verification test with the single ion hit system at GSI. Only 
the grid bars shown in the microscopic target image Fig. 2 (a) were chosen to be 
irradiated by single ions. The irradiation coordinates of ions were derived from Fig. 2 
(a) and are shown in Fig. 2 (b). For a perfectly targeting system, ions deflected to any 
of these coordinates would hit the grid and show some energy loss. As shown in Fig. 
2 (c), the coordinate pattern of the lower transmission-energy ions shows that the ions 
only hit part of the grid. Since the ion position was derived from the microscopic 
image of the target, this disagreement between Fig. 2 (b) and Fig. 2 (c) indicates some 
Fig. 2 An online hit verification test at the single ion hit system at GSI. (a) A 
microscopic image of the micro grid used as a target (bar width: 6 µm, image size 360 
µm × 270 µm); (b) The hit coordinates derived from the black pixels (the grid bar) in 
image (a); (c) The coordinates where the ions hit the grid bar; (d) A possible 
interpretation for the miss-hits (image shift). 
15 
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position deviation either in the image-to-beam transformation or in the object-image 
transformation. According to the beam-calibration technique used at the single ion hit 
system, this deviation is much larger than the allowable image-to-beam calibration 
error. It may result from the microscopic image shift due to an imperfect focus (this 
was repeated after the irradiation). As shown in Fig. 2 (d), such an image shift can 
cause only the overlapping region similar to Fig. 2 (b) to be hit by the ions.  
With this online hit verification method, the global targeting accuracy in a window of 
360 µm × 270 µm can be tested with a spatial resolution of ±2 pixels (±1µm, ×20 lens) 
at the single ion hit system at GSI.  
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Chapter III
The Calcium Imaging Setup  
Calcium signaling is transient and the duration of the [Ca2+]cyt change responding to 
certain stimuli varies from milliseconds to minutes [1-2]. To investigate the Calcium 
response in cells irradiated with heavy ions, it is very important to be sure that the 
signal of the Calcium response does not disappear before the irradiated cells are 
examined. However, due to the requirement of radiation protection concerning ion 
irradiation, it is impossible to reach the irradiated sample, within the first several 
minutes after the ion irradiation. Therefore, it was not possible to use an equipment 
like the one used to measure the previous data [2-4]. To examine the cellular response 
in [Ca2+]cyt immediately after the irradiation, we built an online Calcium imaging 
setup at the single ion hit facility at GSI. Using a ratiometric fluorescence-imaging 
technique, this system allows us to do Calcium imaging before and immediately after 
the ion irradiation. This Calcium imaging setup makes the online investigation of 
cellular response to ion irradiation at sub-cellular regions applicable for the first time 
at an ion microprobe. 
3.1 Principle 
Although the biological importance of Calcium was found by Ringer more than 100 
years ago [5], the first reliable measurements of [Ca2+]cyt were not performed until the 
1960s by Ridgway and Ashley by injecting the photoprotein aequorin into the giant 
muscle fiber of the barnacle [6]. In 1985 Tsien and his colleagues produced a 
fluorescent calcium indicator named Fura-2 [7]. Because of its high quantum 
efficiency and ratiometric property upon binding to calcium ions, it has been widely 
used for investigating [Ca2+]cyt in intact cells [8]. Fura-2 possesses an emission 
spectrum from 450 to 600 nm (maximum~510 nm). As shown in Fig 3.1, the dye has 
two excitation maxima (the excitation wavelength at which the maximum emission is 
obtained), one is at 380 nm from the free form Fura-2 and the other is at 340 nm from 
the calcium-bound Fura-2. The fluorescence emission at 380 nm excitation (F380) 
decreases, while it increases at 340 nm excitation (F340) with a rising Calcium ion 
concentration. As shown in Fig. 3.1, the fluorescence monitored at the two excitations 
(F340/F380) is sensitive in the range of 30 nM to 1.35 µM Ca2+ in the medium. The 
absolute Calcium ion concentration can be calculated with the following equation:   
⎟⎟⎠
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Tig. 3.1 Using Fura-2 to measure intracellular 
alcium ratio-metrically. Top: the excitation 
pectra of Fura-2 in media of different free 
a2+ concentration [5]; Right: the 
luorescence ratio R=F340/F380 and the 
alibrated concentration of cytosolic Calcium 
how response of the same shape [9].  here Kd is the effective dissociation constant, Sf2/Sb2 is ratio of the fluorescence 
mitted from per unit calcium-free and calcium-bound Fura-2 molecules excited at 
80 nm, R is the fluorescence ratio F340/F380, Rmin and Rmax represent the ratio at 
ero [Ca2+]cyt and at saturating [Ca2+]cyt respectively. Because Kd and Sf2/Sb2 are 
onstant at different levels of [Ca2+]cyt, the equation can be written as (3.2). As shown 
n Fig. 3.1 (right), the calibrated [Ca2+]cyt has a similar response shape to stimulus as 
he observed fluorescence ratio R. 
.2 The Calcium Imaging Setup 
ased on the ratio-metric fluorescence properties of Fura-2, a ratio-imaging setup was 
uilt at the single ion hit facility to measure the [Ca2+]cyt in living cells after ion 
rradiation. The arrangement of the system is illustrated in Fig 3.2. 
he Calcium imaging system is placed behind the X-Y stage holding the cell dish. It 
s composed of a UV lamp (50 W, DC, short arc mercury lamp, HBO50 W/3, Osram 
om, Germany), a filter wheel with two excitation filters (a 380 nm filter, cat. 
80FS10-12.5 from LOT-Oriel, EU; and a 340 nm filter, cat. FF01-340/26 from 
emrock, USA), an emission filter (525 nm filter, cat. HQ525/50 from Chroma 
echnology Corp., USA), a dichroic splitter (FT 395, Carl Zeiss AG, Germany), a 20x 
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objective (Plan Fluor, ELWD, 20x/0.45, Nikon Com., Japan), CCD camera (Pixelfly, 
PCO AG, Germany), optic elements, peripheral electronics and computer control. To 
minimize the UV exposure and photo bleaching, we attenuated the excitation light to 
the lowest intensity required with a neutral density filter (attenuator); a light shutter in 
the UV light path was only opened during fluorescence imaging. In addition, an 
aperture restricts the excitation light only to the field of view.  
 
Fig 3.2 The arrangement of the ratio-imaging setup at the single ion hit facility. 
Different from an inverted microscope system, the imaging setup monitors the 
fluorescent light through the medium. It occurred that the fluorescence image had a 
very bright background when excitated at 340 nm UV, but not at 380 nm UV. When 
the vacuum window was removed, the bright background was much suppressed. The 
reason for this artifact was that both the bandpass filter for 340 nm light and the 
emission filter can transmit infra-red light. The vacuum window behind the cell dish 
is coated with gold reflected the transmitted infrared light into the camera. Therefore 
an infra-red blocker was also included in the light path in order to block the infra-red 
light from the UV lamp. As shown in Fig 3.3, the quality of the fluorescence image is 
much improved when an infrared blocker is used. Otherwise, the background from 
infra-red light would have corrupted the fluorescence imaging with cells stained with 
Fura-2. 
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Fig 3.3 Fluorescence images taken at 340 nm UV with (left) and without (right) blocking of 
infra-red light. 
To automate the ratio-imaging, a program was developed in C++ based on the software 
development kit of ImagePro Plus 4.0 (an image processing software from Media 
Cybernetics Inc., USA). Fig. 3.4 shows 
the control panel of the software module. 
The software controls the change of 
filters and opens/closes the shutter via the 
digital I/Os of a PCI-6713 card (National 
Instruments, USA). A typical timing of 
the ratio imaging is illustrated in Fig. 3.5. 
The system acquires the fluorescence 
images excitated at 340 nm and 380 nm 
with an exposure time of 200 or 400 ms 
per image and a frequency of 2-10 image 
pairs per minute. A ratio image is 
obtained by the division of the 
fluorescence image at 340 nm over the 
fluorescence image at 380 nm. 
This code module is integrated into the 
well established software platform of the 
single ion hit facility for cell irradiation 
[10], so that it allows to combine calcium 
measurements together with cell 
irradiation. The total recording time, the 
interval between each pair of snaps, and 
the time when the targeted irradiation is 
performed are user-defined.  A typical 
experiment protocol is shown in Fig 3.5: 
1) First the targets (red-cross marked 
cells) are selected manually; 2) then the 
program starts a three-minute long basal ratio
-
22 Fig. 3.4 Control panel of the ratio
imaging software.-imaging; 3) after that the program 
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switches to the irradiation mode to irradiate the nucleus or cytoplasm of selected cells 
with a defined number of ions. Depending on the total ion hits delivered in the field of 
view, the irradiation took several seconds to tens of seconds; 4) immediately after the 
irradiation, the program resumes the ratio-imaging mode and continues for another 30 
minutes. The obtained images are subsequently analyzed cell by cell offline.  
 
 
Fig 3.5 Typical timing of ratio-image recording (two pairs) (top) and a typical protocol for 
calcium imaging measurement together with ion irradiation (bottom). 
3.3 Fluorescence Image 
3.3.1 fluorescence background 
With the fluorescence imaging system illustrated in Fig. 3.2, the emitted fluorescence 
collected by the CCD camera comes from the emission from intracellular Fura-2 plus 
a number of background sources such as: a) the fluorescence from the buffer medium; 
b) the fluorescence from the foil onto which the cells attach; c) the fluorescence from 
the vacuum window; d) cellular autofluorescence. It has been reported that the 
reduced form of nicotinamide adenine dinucleotide (NADH), which is the product of 
the electron transport chain in all mammalian cells, has an emission at 450-600 nm 
when excited with UV light [11]. As shown in Fig. 3.6, this auto-fluorescence can be 
also detected in our Calcium imaging system. It was also reported that phenol red, 
which is usually used as pH indicator in the culture medium, gives also fluorescence 
emission that can be detected in this system [12]. However, our experiments using 
both phenol red-containing and phenol red-free medium showed the same level of 
fluorescence emission from the medium (data not shown). In addition to the artificial 
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background, the electronic noise of the CCD camera adds also to the fluorescence 
signal. 
      
Fig 3.6 Left: the NADH fluorescence in fibroblast cells excitated with 340 nm UV (best fit); 
Right: the ratio image (F340/F380) of Fura-2 stained AG1522-D cells. 
As shown in Table 3.1, the fluorescence from different sources was calculated using 
the pixel intensity in the image. Except the emission from Fura-2 loaded into the cells, 
most of the fluorescence contribution comes from the culture medium. In total, the 
measured Fura-2 fluorescence exceeds the background fluorescence by a factor of 
around 1.2~1.5.  
Table 3.1 Different sources that contribute to the fluorescence. 
Sources   
intensity at 380nm 
excitation (arbitrary units)
intensity at 340nm 
excitation (arbitrary units) 
Fura-2  
in AG1522-D cells1
611 570 
Medium-AG1522D 360 309 
Fura-2 
in  HeLa cells1
268 272  
Medium-HeLa 187  181  
Polypropylene foil 
 + vacuum window 
12 27  
NADH2 (max.)  
in AG1522-D cells 
45 26  
CCD noise3  18 18  
1 The cells were loaded with 2.5µM Fura-2/AM for 45 minutes at 37°C followed by 30 
24 
 
 
 
 
III. Calcium Imaging System 
 
minutes de-esterification at room temperature. 
2 The autofluorescence mainly took place in the perinuclear region (Fig. 3.6).  
3 The CCD noise is the intensity of an exposure without excitation light. 
3.3.2 unevenness of illumination 
The use of a CCD camera to collect the fluorescence image has the advantage of 
obtaining spatial information from many cells in a large field of view at the same time. 
However, as shown in Fig. 3.7(left), the typical fluorescence image of an area without 
cell shows an uneven UV illumination all over the field of view (0.57 mm x 0.42 mm). 
The histogram of the diagonal in the field of view reveals that the fluorescence 
intensity varies by 300% across the field of view at both excitations.  
This histogram also shows a different intensity profile between the F340 and F380 
images.  As shown in Fig. 3.7-right, the ratio of the fluorescence at both excitations 
along the diagonal varies over a range of 30%., i.e. the ratio of illumination intensity 
at 340 nm and 380 nm excitations is inhomogeneous distributed in the field of view. 
This inhomogeneity would be problematic for comparative analysis of two cells at 
different places in the field of view, because it results in two unequal nominal [Ca2+]cyt 
that is indicated by the ratio F340/F380, even though the two cells have the same level 
of [Ca2+]cyt.  
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Fig 3.7 The UV illumination is inhomogeneous in the field of view. Left: a typical 
fluorescence image in an area without cells; Right: the histograms of the fluorescence 
intensity and the ratio along the diagonal in the left image. 
3.3.3 fluctuation of illumination 
In preliminary experiments, it was found that the fluorescence intensity of an area 
without cells is fluctuating in time as shown in Fig. 3.8. Further analysis revealed that 
this resulted from the instability of the UV illumination. Generally, the illumination at 
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340 nm possesses a similar variation as that at 380 nm, the ratio F340/F380 is only 
slightly influenced by the fluctuation (the relative F340 and F380 varies around 15%, 
but the mean ratio keeps stable). In some cases, the fluorescence ratio shows sudden 
changes at the rising or falling edge of the fluctuation as outlined by the green circles 
in Fig. 3.8. This is because the exposure to 340 nm light is taken 500ms after the 
exposure to 380 nm light, and the illumination changed between both exposures. 
These sudden jumps add an error of about 5% to the ratio measurement. 
 
Fig. 3.8 The illumination fluctuation of the UV lamp at 340 nm and 380 nm and its influence 
on the calculated ratio F340/F380. 
3.4 The Analysis Method 
The raw fluorescence microscopic images cannot be used to directly obtain the 
Calcium level inside the cell, because the illumination is inevitably fluctuating in time, 
and the fluorescence images contain also fluorescence background, and the UV 
illumination has a locally-uneven and wavelength-dependent intensity profile.  
3.4.1 the method 
To remove the influence of the illumination fluctuation on the fluorescence imaging, 
one can compensate the fluctuation in all fluorescence images of a series (e.g. the 
image series shown in Fig. 3.9a) as if they had been taken at constant illumination. To 
this end, one first should know the fluctuation level of every image in the series, and 
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then compensate these raw fluorescence images to an equal level. For this purpose, 
the method uses an image (Fig. 3.9b) which is taken during the experiment with the 
same exposure parameters at a field of view without cells.  Then the compensation is 
performed as follows:  
     
 (a)                                                                         (b) 
Fig. 3.9 (a): the imaging sequence of the Calcium measurement; (b): the background image 
taken before the imaging sequence (best-fit contrast). 
Two areas A0 and A1 are defined in the image series (Fig. 3.9a). A0 is free of cells 
and A1 contains one cell of interest. A0 is defined as a monitor window of the 
fluctuation. We assume that only the intensity of illumination fluctuates and that the 
illumination profile at 340 nm and 380 nm excitation keeps constant. Thus, one can 
evaluate the lamp fluctuation by defining the fluctuation factor Fi as: 
                                     Brightness of area A0 in image 3.9a 
                                     Brightness of area A0 in image 3.9b . 
F
The whole series (at b
the images in the serie
After the compensatio
the image Fig. 3.9b, a
background as the im
background image and
Because the unevenn
excitations and this un
see Section 3.3.2), one
field of view had b
illumination is constan
the same unevenness o
one can normalize 
background-subtracted
(Fig. 3.9b).              
            i
 =   oth excitations) is divided by the ratio Fi. This compensates all 
s to the same amount of illumination as the image Fig. 3.9b.  
n, all images of the series have the same illumination level as 
nd the compensated images should have the same fluorescence 
age Fig. 3.9b. Therefore, one can use the image Fig. 3.9b as a 
 subtract it from the compensated image series.  
ess of illumination is different for 340 nm and 380 nm 
evenness influence the ratio of F340/F380 in cells (for details 
 should normalize the illumination unevenness as if the whole 
een evenly illuminated. Assuming that the unevenness of 
t at both excitations, the image series (Fig. 3.9a) should have 
f illumination as the background image (Fig. 3.9b). Therefore, 
the unevenness of illumination in the compensated and 
 images by dividing these images by the background image 
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Finally, the fluctuation-compensated, background-subtracted and normalized 
fluorescence images excitated at 340 and 380 nm are used to create a ratio-image 
series of F340/F380. The mean brightness of area A1 in the ratio-image series is 
extracted to represent the [Ca2+]cyt in the cell of interest.  
3.4.2 the  results 
Fig. 3.10 shows three ways to analyze the fluorescence measurement of one 
experiment. The black rectangle, red circle and green triangle data represent the ratio 
value in a cell of interest calculated using the raw fluorescence images, the 
fluctuation-compensated images and the fluctuation-compensated and background-
subtracted images respectively. It’s evident that the compensation minimizes the noise 
due to fluctuation, and background subtraction increases the sensitivity of the 
measurement significantly. In the data shown in the sub-window of Fig. 3.10, the raw 
F340/F380 has a variation of 0.10 over the basic ratio of 1.0, and the Ca2+ peak has a 
maximal ratio of 1.60, which gives a signal-to-noise ratio (SNR) around 16:1; The 
calculated F340/F380 after the compensation and background subtraction has only a 
variation of 0.02, and the Ca2+ peak has a maximal of 1.92, which gives an enhanced 
SNR of 96:1.  
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Fig. 3.10 Comparison of the calculated ratio F340/F380 after imaging processing procedures. 
The signal-to-noise ratio was improved after compensation and background subtraction. 
Black rectangles: the ratio of a cell AOI calculated using raw fluorescence images. Red 
circles: the ratio calculated using fluctuation-compensated images; Green triangles: the ratio 
calculated using fluctuation-compensated and background-subtracted images.  
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3.4.3 ratio image 
The Calcium imaging system allows collecting a time series of 2D ratio images. 
However, as shown in Fig. 3.11a, the raw F340/F380 image has a bad contrast and the 
line histogram (Fig. 3.11c) over a cell (the pixel intensity of the green line in Fig. 
3.11a) reveals no information of the cell structure at all. Background subtraction from 
both fluorescence images does not help to get a better contrast ratio image, because 
the data in Table 3.1 show that the ratio of the cellular fluorescence and that of the 
background fluorescence do not differ significantly from each other.  In addition, even 
pixels in both fluorescence images have very low brightness; the ratio calculation can 
obtains pixels with higher brightness. For example, even when one reduce the 
brightness of a pixel in the background area from 110 to 5 at 340 nm excitation, and 
from 100 to 2 at 380 nm excitation, in the background-subtracted ratio image 
(F340/F380), it will give a brightness of  2.5 (instead of 1.1 as in the original ratio 
image). 
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Fig. 3.11 Top: the ratio-image (F340/F380) calculated using original (a) and the background-
subtracted fluorescence images (b). Bottom: the intensity histogram of the line over a cell as 
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indicated in the top images. 
A method to improve the contrast is performed on the fluorescence images. First the 
fluorescence images are compensated for the instability of illumination. Then the 
background from the F340 fluorescence images are subtracted, but the background 
from the F380 fluorescence images are not. The ratio image of the background-
subtracted F340 images divided by the F380 images is shown in Fig. 3.11b. Clearly 
the ratio image calculated using background-subtracted fluorescence images gives 
better contrast and the line histogram reveals an enhanced ratio in the cell (Fig. 3.11d).  
 
50 µm 
Fig. 3.12 Time series of the ratio-image shows the propagation of a [Ca2+]cyt wave in a 
AG1522-D cell (pseudo color).  
Fig 3.12 shows a time series of the ratio image which reveals the propagation of a 
[Ca2+]cyt wave in a AG1522-D cell showing spontaneous Calcium oscillations. It 
shows that the Calcium wave started at the upper-right corner, close to the edge of the 
plasma membrane, propagated through the cell (including the cell nucleus), induced 
many Calcium sparks (red dots), and spread to the other side. This mechanism of the 
Calcium propagation has been reported as Calcium induced Calcium release [13]. 
Please see details of the spontaneous Calcium oscillation in Chapter IV. 
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Chapter IV
The Preparatory Experiments 
The aim of the Calcium imaging setup was to measure the response of [Ca2+]cyt to ion 
irradiation for a time window of 30 minutes. Because the imaging setup has no 
equipment to keep cells under observation in a good physiological condition, it is 
possible that some environmental stress might affect the measurement. It has also 
been reported that photo bleaching and dye leakage during fluorescence imaging 
influences the quantitative analysis of [Ca2+]cyt. In order to recognize the potential 
problem in the measurement performed with the ratio-imaging setup at the single ion 
hit facility, some preparatory experiments were performed. 
4.1 Fura-2 Loading 
The Fura-2 molecule is a hydrophilic Ca2+-sensitive fluorescent dye that cannot 
penetrate the cellular phospholipid bi-layer membrane. Normally, the acetoxymethyl 
ester of Fura-2 (Fura-2/AM) is used to load Fura-2 into intact cells. The Fura-2/AM 
can pass the cell membrane but is not Ca2+-sensitive. After the cells are loaded with 
Fura-2/AM, nonspecific esterases present in most cells hydrolyze the AM esters to 
formaldehyde and acetic acid, liberating the Fura-2 molecule [1]. Fura-2 binds to 
Calcium ions with a dissociation constant of around 100-300nM. It has been reported 
that a high concentration of Fura-2 can chelate intracellular Calcium ions, and the by-
products of AM ester hydrolysis – acetate, protons and formaldehyde have potential 
deleterious effects on living cells [2]. Therefore, the influence of Fura-2 was 
examined using different concentration of Fura-2/AM in Chinese Hamster Ovary 
(CHO) cells.  
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Fig. 4.1 Proliferation of CHO cells loaded with different concentrations of Fura-2/AM. 
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CHO cells were seeded in culture flasks with density of 10k/75 cm2, incubated for 24 
hours (37 °C, 100% humidity, 5% CO2), then loaded with Fura-2/AM for 45 minutes 
at room temperature (~22°C, RT), rinsed 3 times and de-esterificated for 30 minutes 
at 37°C in the incubator. Some of the samples were observed using a fluorescence 
microscope to check the fluorescence intensity. Others were further incubated for 4 
days and then harvested by trypsinization and counted using a cell counter (Z2™ 
COULTER COUNTER®, Beckman Coulter, Inc. USA). As shown in Fig. 3.1, no 
significant influence of Fura-2 on the proliferation in CHO cells was found for the 
loading concentration of up to 5 µM Fura-2/AM. Finally, 2.5 µM Fura-2/AM was 
chosen for the later loading protocol.  
First, twenty mM HEPES medium buffer was prepared by dilution of 1M HEPES in 
corresponding culture medium with a final pH of 7.5. Fura-2/AM was solved in pure 
DMSO (Sigma-Aldrich, Germany) to prepare a 0.5 mM Fura-2/AM stock solution. 
Then a loading solution of 2.5 µM Fura-2/AM was prepared by dilution of the stock 
solution in the 20mM HEPES buffer. In loading protocol A, cells were loaded in the 
loading solution at 37°C for 45 min; then rinsed three times with 20mM HEPES 
buffer and kept in this buffer for de-esterification at room temperature for 30 minutes. 
In loading protocol B, the cells were loaded in the loading solution at room 
temperature for 45 min; then rinsed three times with 20mM HEPES buffer and 
incubated in this buffer for de-esterification at 37°C for 30 minutes. Fluorescence 
microscopy at the imaging setup showed no significant difference of the fluorescence 
emission from cells stained according to these two protocols.  
4.2 Photo Bleaching and Dye Leakage 
In further experiments, the [Ca2+]cyt was measured in HeLa and AG1522-D cells at 
room temperature. As shown in Fig. 4.2 (left), the fluorescence ratio F340/F380 
showed an exponential decay in 30 minutes, and the decay in cells stained using 
protocol A is less than that that in cells stained using protocol B.  
This exponential decay of the fluorescence ratio is explained by the photo bleaching 
of intracellular Fura-2.  Becker et al have reported that photo bleaching of Fura-2 
produces an intermediate form which only fluoresces at 380 nm excitation and is not 
sensitive to Ca2+ [3]. This means even when the calcium-bound (indicated by F340) 
and calcium-free Fura-2 (indicated by F380) have the same bleaching constant, the 
effect of photo bleaching will result in a stronger loss of F340 fluorescence, producing 
a decay of F340/F380. In addition, because the imaging measurement was performed 
immediately after the de-esterification, the fact that cells loaded using protocol B (de-
esterificated at 37°C)  showed stronger effect of photo bleaching than that using 
protocol A (de-esterificated at 22°C) implies that fluorescein is easier to decompose 
under higher temperature [4]. Therefore, in further experiments, if not mentioned, all 
the cells were loaded with Fura-2 using loading protocol A. 
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Fig. 4.2 Photo bleaching of Fura-2 in the ratiometric fluorescence imaging. Left: the ratio 
F340/F380 in HeLa cells loaded with Fura-2 using protocol A (closed rectangles) and 
protocol B (open triangles).  The imaging was performed with UV excitation without 
attenuation, ratio-imaging frequency at 0.07Hz. Right: the ratio F340/F380 in HeLa cells 
using different imaging protocols (Fura-2 loading protocol A). Open rectangles: UV 
excitation without attenuation, ratio-imaging frequency at 0.3Hz; Open circles: UV excitation 
without attenuation, ratio-imaging frequency at 0.07Hz; Open triangles: UV attenuated by 
30%, ratio-imaging frequency at 0.07Hz. The exposure time for both excitations was 200ms 
in all measurements. 
The ratiometric method of Calcium measurement using Fura-2 measures the change 
of [Ca2+]cyt by the change of the fluorescence ratios (F340/F380) [1]. The decay of the 
fluorescence ratio will lead to a misevaluation of the [Ca2+]cyt. One way to reduce 
photo bleaching is to decrease the amount of light exposing the dye. In further 
experiments, the influence of photo bleaching was therefore examined in the Calcium 
imaging system using different imaging protocols. As shown in Fig 4.2(right), the 
fluorescence ratio reveals an exponential decay as a function of time with an imaging 
frequency of 0.3 Hz excitated with 100% transmitted UV light. However, when the 
irradiance was 15 times less, namely with an imaging frequency of 0.07 Hz and only 
30% excitation light, the fluorescence ratio kept constant rather than decreased 
exponentially. In other words, with the latter imaging protocol, photo bleaching has 
no influence on the measurement any more. 
The typical decay of the fluorescence emission is shown in Fig 4.3. In resting HeLa 
cells, the fluorescence emission at both excitations was reduced by 20%, but the 
fluorescence ratio remained constant. This fluorescence decreases because the Fura-2 
leaks from cytosol to the extra-cellular medium via an anion transport system [5]. In 
AG1522-D cells, Fura-2 leakage had no effect on the measured Calcium response 
based on the ratio-metric method (Fig. 4.3-right). 
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Fig 4.3 The Fura-2 leakage caused a decrease of fluorescence emission at both excitations but 
had no influence on the fluorescence ratio F340/F380, although the fluorescence intensity 
(F340 and F380) declined about 20%. Left: the ratio was constant in a resting HeLa cells. 
Right: the baseline ratio was constant in a responding AG1522-D cell and the dye leakage had 
no effect on the measured Calcium response based on the ratio-metric method.  
4.3 Spontaneous Ca2+ Oscillations in Fibroblasts 
With the improved loading and imaging protocol, the intracellular Calcium in HeLa 
and AG1522-D cells was measured in control experiments at room temperature. It 
was found that the [Ca2+]cyt in HeLa cells is kept stable during the entire recording. In 
contrast AG1522-D cells revealed a complex behavior of the cytosolic Calcium  
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some unknown stimulus. In order to find this potential stimulus, further experiments 
were performed. 
 
4.3.1 UV exposure 
At the beginning it was speculated that the stress, which induces [Ca2+]cyt oscillations 
is due to over-exposure to UV light during fluorescence imaging [10]. To test this 
hypothesis, the fibroblast cells were exposed to different doses of UV by using 
different irradiance, while keeping exposure time constant. As shown in Table 3.1, the 
onset of the Ca2+ oscillation was the same (around 20 minutes) in imaging 
measurements performed using different irradiance of UV excitations. 
Table 3.1 Begin of Ca2+ oscillation in AG1522-D cells with different UV irradiances 
UV irradiance* 
(W/m2) 
Begin of Ca2+ oscillation 
after (minutes) 
17 19.5 
34 19.5 
52 20±1 
*UV irradiance were measured used a diode calibrated by an optical power meter Orion-PD  
In another experiment, the Calcium imaging was performed in two fields of view at 
different places in the same cell dish. First, the ratio-imaging was performed at 
position #1 until the fibroblast cells in the field of view started to show Ca2+ 
oscillations after 20 minutes. Then, the cell stage was driven to position #2, and the 
ratio-imaging was continued. It was found that the fibroblast cells in the second place 
showed Ca2+ oscillations without delay. As described previously, by using an aperture 
in the lamp house, only the field of view was illuminated by the excitation light, 
which means there was no UV exposure to position #2 when the imaging was taken 
place at position #1 during the first 20 minutes. This shows the stress-induced Ca2+ 
oscillation is also independent from the UV exposure.  
4.3.2 temperature 
Another suspicion was that the cells were kept too long at unphysiological 
temperature during the measurement. Therefore, we switched on the magnet lens to 
warm up the cell stage to 29 °C. This generates an environment similar to the 
condition in the incubator (37 °C) and also simulates the environmental conditions 
during the beam time.  
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Fig. 4.5 Calcium measurement in AG1522-D cells at different temperature. Left: control 
experiment (22 cells) at 22 °C; Right: control experiment (22 cells) at 29 °C. The curves in 
the figure represent the Ca2+ level in different cells. 
As shown in Fig. 4.5, the Calcium measurement at 29 °C, at which the temperature is 
closer to the physiological temperature of 37 °C did not suppress, but resulted in an 
even earlier onset of the Ca2+ oscillation and oscillations occurred in more cells (see 
Table 4.2). It is known that the cell metabolism is more active at physiological 
temperature than at a lower temperature. The fact that the oscillation appeared earlier 
at 29 °C than at 22 °C led us to speculate that the cellular metabolism in the closed 
cell dish was using up the oxygen in the medium during the measurement. 
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Fig. 4.6 Illustration of the cell dish used at the single ion hit facility 
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4.3.3 cell dish 
A standard cell dish used for the cell irradiation at the single ion hit facility is 
illustrated in Fig 4.6 [11]. The cells are seeded on a Polypropylene foil pasted onto the 
bottom of the chamber made of stainless steel. Before the experiment, the cell dish is 
closed with a cover glass and vertically inserted into the cell stage as shown in Fig. 
2.1. To examine the hypothesis that the lack of oxygen may have started the Ca2+ 
oscillation in AG1522-D cells, the experiment was repeated using cell dishes closed 
with a gas permeable foil (25 µm thick, bioFOILIE25, In Vitro Systems & Services, 
Germany) instead of cover glass. As shown in Table 4.2, the population of oscillating 
cells was reduced to only 3% when the measurement was performed in the gas 
permeable cell dish, compared to 74% of oscillating cells in the standard cell dish. 
Hence, it is reasonable to assume that hypoxic stress caused the spontaneous Calcium 
oscillations in the gas-tight standard cell dish. 
Table 4.2 Population of resting cells and oscillating cells in the standard and modified cell 
dish measured at different temperature. 
Cell dish Standard cell dish Standard cell dish Gas permeable cell dish 
Temperature 22 °C 29 °C 29 °C 
Resting cells 24 (49%) 27 (26%) 70 (97%) 
Oscillating cells 25 (51%) 78 (74%) 2 (3%) 
Due to technical limitations we cannot measure the oxygen concentration inside the 
closed cell dish. Therefore there is no proof of the decrease of oxygen concentration, 
but at least, it is clear that closing the cell dish with a gas permeable foil avoids the 
stress responsible for spontaneous Calcium oscillations. Therefore, this type of cell 
dish can be used to investigate the cellular Calcium response to ion irradiation at our 
single ion hit facility. As a byproduct of the above investigations, it may be possible 
to use the Calcium imaging setup for a quick test for cell stress in new designs of cell 
dishes. 
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Abstract 
Intracellular Calcium is an important second messenger regulating many cell 
functions. Recent publications have shown that Calcium ions can also regulate the 
cellular responses to ionizing radiation. However, previous data are restricted to cells 
treated with low LET radiations (X-rays, γ-rays and β-rays). In this work, we 
investigated the Calcium levels in cells exposed to heavy ion radiation of high LET. 
The experiments were performed at the single ion hit facility of the GSI heavy ion 
microprobe. Using an inbuilt online Calcium imaging system, the intracellular 
Calcium concentration was examined in HeLa cells and human foreskin fibroblast 
AG1522-D cells before and after irradiation with 4.8 MeV/nucleon Carbon or Argon 
ions. Although the experiment was sensitive enough to detect the Calcium response to 
other known stimuli, no response to ion irradiation was found in these two cell types. 
Meanwhile, we also demonstrated that ion irradiation has no impact on Calcium 
oscillation induced by hypoxia stress in fibroblast cells. 
Introduction 
Cytoplasmic Calcium is one of the most important second messengers in eukaryotic 
cells. The concentration of the free Ca2+ in the cytoplasm ([Ca2+]cyt) is only in the 
order of some 100 nM but it reaches millimolar concentrations at the external side of 
the cells and in many organelles such as in the endoplasmic reticulum (ER) and the 
mitochondria. In the case of a relevant stimulus [Ca2+]cyt   increases either by Calcium 
mobilization from the intracellular Calcium store or by Calcium influx via Ca2+ 
channels in the plasma membrane. Also a combination of both mechanisms is relevant 
(1). Recent studies have reported that [Ca2+]cyt may play important roles in regulating 
several cellular responses to ionizing radiation. These include cell cycle arrest (2), 
apoptotic DNA fragmentation (3-4), γ-GCS mRNA expression (5) and DNA repair 
(6). It was also reported that [Ca2+]cyt can be affected in several different cell lines 
exposed to X-, γ- and β-radiation. These radiation-induced changes of [Ca2+]cyt 
occurred in the form of elevations, oscillations or single transient changes within 
minutes to days after irradiation (3-4, 7-9). 
Protons and Carbon ions, which have been successfully used to treat tumor/cancer 
patients in several countries (10), have not yet been investigated in the context of their 
influence on Ca2+ signaling. These ions have a linear energy transfer (LET) of ~100 
keV/µm, which is 100 times higher than the LET of X-, γ- and β-radiation. Therefore, 
it is worthwhile to investigate the role of Calcium signaling in the early cellular 
response to ion irradiation. 
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A new experimental approach for addressing radiation induced [Ca2+]cyt changes at the 
cellular level is provided by a microbeam facility at GSI (11). It allows delivery of 
ions spanning from Helium to Uranium in sub-cellular regions of individual cells with 
defined doses (ion hits) (12). In the present study, we combined this microbeam 
facility with a newly developed Calcium imaging setup. The combination of the two 
devices allowed monitoring of intracellular Calcium in living cells at high spatial and 
temporal resolution before and immediately after heavy ion irradiation. Using this 
system, we examined [Ca2+]cyt in HeLa cells and human fibroblast cells in response to 
Carbon and Argon ions. We report here that [Ca2+]cyt in both cell types was not 
affected within a time window of 30 minutes after irradiation.  
Materials and Methods 
Chemicals and solutions 
Culture medium MEM-EARLE (containing 1% L-Glutamine), culture medium RPMI 
1640 (without phenol red), fetal calf serum (FCS), L-Glutamine, PBS and 1M HEPES 
solution were purchased from Biochrom AG (Germany). Culture medium EMEM 
with EBSS was purchased from BioWhittacker (Belgium). Fura-2/acetoxymethyl 
ester (Fura-2/AM), Mouse monoclonal IgG anti phosphohistone H2AX (ser-139) and 
Anti-mouse IgG-AF488 were purchased from Invitrogen/Molecular Probes 
(Germany). Propinium Iodide (PI) and RNase were purchased from Applichem 
(Germany). Bovine serum albumin (BSA) was purchased from Carl Roth GmbH 
(Germany). The Trypsin used for cell passage was purchased from PAN Biotech 
GmbH (Germany). 
Fura-2/AM was solved in pure DMSO (Sigma-Aldrich, Germany) to prepare a 0.5 
mM Fura-2/AM stock solution. Twenty mM HEPES medium buffer was prepared by 
dilution of 1M HEPES in corresponding culture medium with a final pH of 7.5. Two 
mM Hydrogen peroxide solution was prepared by dilution of 10 M H2O2 (Sigma-
Aldrich, Germany) in 20 mM HEPES buffer; this was used to treat the cells to test the 
performance of the Calcium imaging system.  
Cell culture 
Human cervix epitheloid carcinoma HeLa cells (a gift from Dr. Nuri Gueven, The 
Queensland Institute of Medical Research, Australia) were cultured in a culture flask 
as a monolayer in MEM-EARLE medium plus 10% FCS or in RPMI 1640 medium 
plus 10% FCS and 1% L-Glutamine at 37 °C, (100% humidity, 95% air/5% CO2). 
Human foreskin fibroblast AG1522-D cells (Coriell Cell Repository, Camden, NJ, 
USA) were cultured confluent in EMEM with EBSS plus 15% FCS, 1% stable 
glutamine and 1% Penicillin/Streptomycin at 37 °C (100% humidity, 95% air/5% 
CO2). AG1522-D cells were transferred into a Glutamine-free medium two weeks 
prior to the experiment. 
A home-made cell dish is used for cell irradiation at the single ion hit facility. The cell 
dish is made of stainless-steel with a culture bottom of 4 µm thick Polypropylene foil 
43 
 
 
 
 
V. Absence of Calcium Response to Ion Irradiation 
 
(not coated with Cell-Tak, for further details about the cell dish see ref. 12). Two or 
three days before the experiment, HeLa cells were removed from culture flask by 
trypsinization and seeded with a density of 500 cells per cm2 in the cell dishes. One 
day or two days before the experiment, AG1522 cells were trypsinized and seeded 
with a seeding density of 2000 cells per cm2 in the cell dishes. Both AG1522-D (CPD 
21-25) cells and HeLa cells attached and grew well in the cell dishes with the seeding-
densities used. 
Fura-2/AM loading 
HeLa cells and AG1522-D cells were loaded in 2.5 µM Fura-2/AM solution (0.5mM 
Fura-2/AM diluted in 20mM HEPES buffer) at 37°C for 45 min; then rinsed three 
times with 20mM HEPES buffer and kept in this buffer for de-esterification at room 
temperature for 30 minutes. 
Experimental system 
Cell irradiations have been performed at the single ion hit facility at GSI since 2003. 
Briefly, the facility uses a magnetic quadrupole triplet lens to focus the ion beam into 
a spot of less than 1 µm diameter, and it can deliver a counted number of ions into 
sub-cellular regions of individual cells with a positioning accuracy of 1.7 µm. As 
shown in Fig. 1, the Calcium imaging system is added behind the cell stage. It is 
composed of a filter wheel with two excitation filters (a 380 nm filter, cat. 380FS10-
12.5 from LOT-Oriel, EU; and a 340 nm filter, cat. FF01-340/26 from Semrock, 
USA), an emission filter (525 nm filter, cat. HQ525/50 from Chroma Technology 
Corp., USA), a CCD camera (Pixelfly, PCO AG, Germany). As the 340 nm filter and 
the emission filter can also transmit infra-red light, an infra-red blocker is also 
included in the light path in order to block the infra-red light from the UV lamp. 
Otherwise, the infra-red light reflected by the vacuum window would have corrupted 
the fluorescence imaging. To minimize the UV exposure and avoid photo bleaching, 
we attenuated the excitation light to the lowest intensity required using a neutral 
density filter. Also, a light shutter in the UV light path was only opened during 
fluorescence imaging. The system acquired the fluorescence images excitated at 340 
nm and 380 nm with an exposure time of 200 or 400 ms per image and a frequency of 
2-10 pairs of image per minute. 
Irradiation and Calcium measurement 
After the Fura-2 loading, the cell dishes were closed with two types of covers before 
the irradiation, namely, some dishes were closed with cover glass as in former 
experiments (labeled as standard cell dishes) (12), others were closed with gas 
permeable foil (bioFOILIE25, In Vitro Systems & Services, Germany) (labeled as cell 
dishes with increased gas exchange). Then the dishes were inserted vertically into the 
cell stage of the single ion hit facility. Once the target cells were selected manually, 
the measurement started with a three-minute basal ratio-imaging, then the cells were 
irradiated with defined numbers of 4.8 MeV/nucleon Carbon or Argon ions by hitting 
the nucleus or the cytoplasm. Depending on the number of ion hits delivered per field 
of view, the irradiation took several seconds to tens of seconds. The measurement 
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continued for another 30 minutes immediately after the irradiation (the total 
experiment takes 34 minutes). Due to the heating from the magnetic lens, the 
temperature of the cell dish was 29°C during the experiment. The fluorescence images 
were subsequently analyzed cell by cell offline. The fluctuation of the UV lamp was 
compensated and the background of the fluorescence images was subtracted by using 
an area without cell in the fluorescence images. As shown in Fig.3a, a specific part of 
the cell can be chosen as an area of interest (AOI). The mean fluorescence intensities 
of the AOI excited by 380 nm and 340 nm (F380 and F340) were extracted and the 
ratio R=F340/F380 was used as the indicator of Calcium concentration (13). 
 
Fig.1 Schematic of the ratio imaging setup added to the single ion hit facility at GSI.  
Verification of ion hits by immuno-fluorescence microscopy  
To test whether the cells were indeed hit by ions as expected, we examined the γ-
H2AX immuno-fluorescence which can be used to visualize ion hits in the cell 
nucleus (14). As this method also reveals foci in part of the cells without irradiation, 
we usually irradiated the cells with a cross pattern of hits (3 or 5 points per axis, 2 or 3 
µm between two points). These cross patterns can be clearly identified as real hits 
because of their artificial shape (12). Immediately after the Calcium measurement 
HeLa and AG1522-D cells were fixed in 2% Paraformaldehyde for 20 minutes at 
room temperature, permeabilized by with Triton X-100 (0.5% v/v in PBS) for 7 
minutes, rinsed 3 times using PBS and blocked with BSA (0.5% w/v in PBS). Then 
the fixed cells were incubated with γ-H2AX antibody (Mouse monoclonal IgG anti 
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phosphohistone H2AX (ser-139)) and secondary antibody (Anti-mouse IgG-AF488). 
After the immunostaining the cells were treated with RNase and the cell nuclei were 
counter-stained with PI. The prepared cells were observed using a Leica TCS confocal 
system equipped with a DM IRBE inverted microscope (20x and 63x objectives). 
Results 
Test of the Calcium ratio imaging setup with the known stimulus H2O2   
To assess the performance of the ratio imaging setup integrated into the single ion hit 
facility, AG1522-D cells were treated with 2 mM H2O2 medium. In a time course 
measurement, the ratio F340/F380 increased immediately upon H2O2 treatment and 
remained at an elevated level as shown in Fig.2. Similarly, such a H2O2 treatment also 
induced detectable but relatively smaller changes of the fluorescence ratio in HeLa 
cells (data not shown).  
Fig. 2 Ratio images showing the elevation of [Ca2+]cyt in AG1522-D cells induced by 2 mM 
hydrogen peroxide(20x, F340/F380, pseudo color). Left: before the treatment; right: 
immediately after the treatment. 
Hit verification 
Fig. 3 shows that the single ion hit facility allows an accurate positioning of the ion 
hits. Only the selected cells in Fig. 3a (marked with red crosses) will be hit by ions at 
the desired positions, i.e. this allows targeting the cytoplasm and/or the nucleus within 
a single cell. Concurrently, other cells in the same culture dish can be spared from ion 
irradiation and used as non-irradiated bystander cells. Some of these cells are in direct 
contact to the irradiated cells; these cells can be monitored in order to investigate a 
cell-to-cell signaling via gap junctions. With these features the setup provides two 
experimental advantages over previous studies: First, it is a means of monitoring the 
same cell before and immediately after radiation at a defined area of the cell. 
Secondly the ability to monitor the response of both the cells exposed to ion 
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irradiation and other cells in the same field of view eliminates differences in sample 
operation and experimental environment between irradiated cells and non-irradiated 
cells; such a cell to cell variability is generally encountered when comparing 
populations of cells. 
  
Fig. 3 Targeted ion irradiation and hit verification in AG1522-D cells. (a) Typical 
fluorescence image (20x) of AG1522-D cells loaded with Fura-2/AM. The red crosses mark 
the cells to be irradiated. Normally only the cell nucleus, in some samples only the cell 
plasma, is chosen as a target for ion hits. The non-marked cells are used as non-irradiated 
bystander controls. (b) Confocal microscopic image (20x) of the same field of view as in (a). 
The sample was fixed immediately after the Calcium recording (ca. 35 minutes pos-
irradiation) and then immuno-stained by Gamma-H2AX antibodies. (c) Merge of image (a) 
and (b), the Gamma-H2AX foci coincide with the cell nuclei marked with a cross in (a). (d) 
Confocal microscopic image (63x) of the cell nucleus marked with a white rectangle in (a) 
reveals the cross pattern of ion hits and verifies the accurate targeting of the single ion hit 
facility.  
To test whether or not cells were indeed hit by ions we removed the same culture dish, 
which was used for [Ca2+]cyt recordings (see result below) and fixed the cells for 
immuno-staining. Fig.3b shows a confocal microscopic image of the same cells as in 
3a, which are now immuno-stained with γ-H2AX antibody. This antibody labels γ-
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H2AX foci in the cell nucleus forming in response to DNA double-strand break (DSB) 
(15). As shown in Fig. 3c, the immuno-stained cells coincide well with the targeted 
cells. Even the cross shape of the ion target can be recognized at higher magnification 
in Fig. 3d. This means that the ions precisely hit the nucleus in the well defined 
positions; because of the accuracy of the targeting we can be assured that the 
cytoplasm was also successfully hit by ions in experiments when the cytoplasm was 
targeted.  
Calcium effect is sensitive to environmental stress 
In control experiments, [Ca2+]cyt was monitored in fibroblast cells kept in standard cell 
dishes. As shown in Fig. 4, in these control experiments already unirradiated cells 
revealed a complex behavior: around 26% of the cells (27 cells out of 105 cells, 4 
experiments) kept a stable resting [Ca2+]cyt level during the entire (30 min) period of 
the experiment (type A cells in Fig. 4a and 4b, see the movie in supplemental 
materials); 67% percent of the population (71 cells out of 105 cells) showed Calcium 
oscillations (type B cells in Fig. 4a and 4b). These oscillations started in all cases ca. 
15 minutes after the start of the experiment. Only in a minority (ca. 7 %) of cells Ca2+ 
was oscillating spontaneously during the entire period of recording (not shown). In 
some cases it was found that neighboring cells oscillated in a highly concerted fashion. 
An example is shown in Fig. 4c where the Ca2+ oscillations of the cells B1 and B2 
from Fig. 4a are superimposed. Such a synchronization, which is only seen in 
neighboring cells, implies that some cell pairs are indeed coupling via gap junctions 
(see movie in supplemental materials). 
In further experiments, we examined the reason for these spontaneous oscillations. 
We ruled out that the oscillations were due to the long-time UV exposure or the 
heating from the magnetic lens, because spontaneous oscillations were also observed 
in areas not exposed to UV light and after turning off the lens. The fact that the 
oscillation started after some time led us to suspect that the cover glass, which was 
used to close the standard cell dish, limited the supply of oxygen in the cell dish, and 
the oscillations could be caused by hypoxia stress (16). To test this hypothesis we 
repeated the control experiments using the cell dishes with increased gas exchange. 
Under these conditions nearly all the fibroblast cells (70 out of 72 cells from 3 
experiments) did not show any more spontaneous Calcium oscillation (data not 
shown). Hence the spontaneous oscillations can be interpreted as a response to 
hypoxia-stress.  
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49 Fig. 4 Stress-induced Calcium
ignaling in control AG1522-D
ells. (a) Ratio image (20x) of
340/F380 taken during the
easurement. (b) Typical
easurement of ratio (F340/F380)
s a function of time in the
tandard cell dish; in 4
ndependent experiments around
6% (27 out of 106) of the
opulation kept a stable resting
Ca2+]cyt level during the entire (30
in) period of the experiment
type A cells). 67% (71 out of
06) of the population showed
alcium oscillations (Type B
ells), which started in all cases
a. 15 minutes after the start of
he experiment. A minority (ca. 7
) of the cells [Ca2+]cyt was
oscillating spontaneously during
the entire period of recording;
such cells were excluded from
analysis in further experiments
because they showed oscillation
before the ion irradiation. (c) 
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No immediate Calcium response to heavy ion irradiation in AG1522 and HeLa cells 
To exclude the stress of hypoxia on the cellular response we first examined the Ca2+ 
response in AG1522-D cells in cell dishes with increased gas exchange. Cells kept 
under these conditions were hit by 144 Argons ions at the region of the nucleus. As 
shown in the exemplary cells in Fig. 5a, all cells which were “shot” and definitely hit 
with Argon ions (see Fig. 3) remained at a stable Calcium level during the entire 30 
minutes and even an exposure to a dose of about 130 Gy of 4.8 MeV/nucleon Argon 
induced no perceivable effect on [Ca2+]cyt after the irradiation. The same results were 
obtained in 3 independent experiments with 76 irradiated cells analyzed. Also in the 
non-irradiated bystander AG1522-D cells no perceivable change of [Ca2+]cyt was 
found in all the experiments. 
Furthermore, we also investigated the influence of ion irradiation on cells under 
hypoxia stress. Because Ca2+ oscillation is initiated by a complex signaling cascade 
involving calcium induced calcium release (17), it is possible to examine the effect of 
radiation on this signaling cascade. Fig. 5b shows a plot of two typical AG1522-D 
cells before and after ion-radiation in the standard cell dishes. The data show that 
irradiation had no perceivable effect on the resting [Ca2+]cyt concentration in the time 
window when cells were generally not oscillating. The same result was obtained when 
analyzing 153 other cells in a total of 8 independent experiments in which cells were 
irradiated either in the nucleus and/or the cytoplasm and in which the dose varied 
from 2.5 to 50 Gy.  
The data in Fig. 5c also show that the irradiated AG1522-D cells exhibit a similar 
behavior to those in the control experiment without any irradiation in that the cells 
started to oscillate spontaneously after some time (Fig. 4). A detailed statistical 
comparison of irradiated and control cells (in Fig. 6) shows that irradiation did neither 
increase nor decrease the percentage of the oscillating cells. Furthermore an analysis 
of the [Ca2+]cyt  oscillations reveals no significant difference between control cells, 
non-irradiated bystander cells and irradiated cells with respect to onset, amplitude and 
frequency of the oscillations. This means that ion irradiation has neither positive nor 
negative influence on any of the steps contributing to the complex mechanism of 
[Ca2+]cyt oscillations. 
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51 Fig. 5 Heavy ion irradiation did not
trigger and also not inhibit calcium
signaling in AG1522-D cells. (a)
The cells in the standard cell dishes
showed no change of [Ca2+]cyt level
in the defined time window after
Carbon ion irradiation (180 ion hits
targeted at nucleus ~ 47Gy). (b)
The cells in the gas permeable cell
dish kept a stable [Ca2+]cyt level
before and after Argon ion
irradiation (144 ion hits targeted at
nucleus ~130 Gy). (c) Ion
irradiation did not inhibit the stress-
induced Calcium oscillation. The
arrow indicates the time point at
which the irradiated cells were hit
by heavy ions. 
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Fig. 6 Heavy ion irradiation has no significant effect on the stress-induced Calcium 
oscillations in AG1522-D cells in the standard cell dishes. (a) The fraction of the oscillating 
cells (type B cells) in the population of the carbon ion irradiated cells, non-irradiated 
bystander cells and control cells. (b-d) The onset (b) and the amplitude (c) of the first Ca2+ 
peak, and the frequency (d) of the Calcium oscillations in the spontaneously oscillating cells 
(64 irradiated, 61 bystander and 65 control cells). The data are plotted as mean ± standard 
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error of mean. No significant difference is found between cells in the control dishes and cells 
in the irradiated dishes (IR+Bystander). The difference between irradiated cells and bystander 
cells in (b-d) is due to the difference of their size and fluorescence brightness, normally large 
and bright cells were manually selected as targets to be irradiated.  
In the same kind of experiments, the effect of ion irradiation was examined on HeLa 
cells in both standard and gas permeable cell dishes. Control experiments revealed 
that in contrast to fibroblast cells HeLa cells kept a stable resting [Ca2+]cyt in both 
kinds of cell dishes. Fig. 7 shows a typical experiment in which HeLa cells were hit 
by 18 Argon ions (~16Gy). The data show that also in this case ion irradiation 
resulted in no perceivable change in the [Ca2+]cyt level. The same absence of a Ca2+ 
response to ion irradiation was observed in 133 irradiated cells in a total of 7 
independent experiments with Carbon or Argon ion irradiation of up to 50 Gy. Also in 
this case the non-irradiated bystander HeLa cells exhibited no perceivable change of 
[Ca2+]cyt in all the experiments. 
    
(a)                                                        (b) 
Fig.7 Heavy ion irradiation did not induce perceivable change of [Ca2+]cyt in HeLa 
cells. (a) In exponential growing colonies, 50% of the populations are chosen for 
irradiation, and the rest are chosen as bystander control cells. (b) HeLa cell shows no 
change of [Ca2+]cyt before and after Argon ion irradiation. Closed star: the 
fluorescence ratio of an irradiated cell as a function of time; open circle: comparison 
of the fluorescence ratio between the outlined twin cells in (a), one was irradiated 
(F340/F380)ir, the other not (F340/F380)by. 
Discussion 
In previous experiments the [Ca2+]cyt response of different cell lines has been 
examined under the influence of X-, γ- and β–radiations. In some cases it was 
demonstrated that different kinds of radiation evoked various types of Ca2+ responses 
namely oscillations, transient excursions and long lasting elevations (3,7-9, 18-19). 
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However, Hallahan et al. also reported that a treatment of human fibroblast cells and 
cancer cells even with a dose as high as 30 Gy β-radiation resulted in no perceivable 
effect on [Ca2+]cyt (20). These reports provide no consistent picture on the behavior of 
[Ca2+]cyt under ionizing radiation. The diversity of these results is not understood, but 
it is possibly related to the fact that the Ca2+ response to ionizing radiation depends on 
the cell types, the type of the radiation and the time of the monitoring. 
The present work has the advantage that the addition of a ratio imaging setup into the 
single ion hit facility is a means of monitors [Ca2+]cyt with high spatial and temporal 
resolution quasi in real time. In this way a single cell is not only irradiated in a 
defined area of the cell but the [Ca2+]cyt of the same cell can be monitored 
continuously before and immediately after treatment and compared to that of adjacent 
non-irradiated control cells. The key observation of this approach is that irradiation of 
HeLa cells and AG1522-D cells with heavy ions results in no perceivable [Ca2+]cyt 
change within seconds to half an hour after the treatment. The absence of a Ca2+ 
response is not due to the culture conditions, because control experiments using H2O2 
as a stimulus confirm that cells in the same type of cell dish can respond to H2O2 by 
elevation of [Ca2+]cyt. Moreover, AG1522-D cells exhibited spontaneous [Ca2+]cyt 
oscillations under the recording conditions; this clearly demonstrates that the cells are 
in principle capable of responding with elevation of [Ca2+]cyt to stimuli. The 
spontaneous oscillations in [Ca2+]cyt of AG1522-D cells were elucidated as responses 
to hypoxia stress in air tight cell dishes. But again such a hypoxia stress is not the 
reason for the absence of a Ca2+ response to ion irradiation, because the same type of 
cells did also not respond to ion irradiation in non-stressed cell dishes allowing a 
better gas exchange. In summary, our data show that irradiation with heavy ions has 
no effect on triggering Ca2+ signaling in the two cell lines tested.  
DNA damage by DSB is formed directly upon clustered ionization in ion irradiation 
(21). The immuno-microscopy shows γ-H2AX foci, which label the phosphorylated 
histone H2A in response to DNA DSBs (15). This positive immuno staining of the 
same cells, which were monitored for their Ca2+ responses verifies the exact ion hits at 
the targeted positions (Fig. 3). In other words, our results show that DNA damage by 
double strand breaks did not induce any Calcium response in the time window of 30 
minutes.  
Todd et al suggest that the [Ca2+]cyt response could depend on the state of the cell 
cycle; they observed a transient Calcium increase in S and G2/M-Phase but not in G1-
Phase HeLa cells exposed to β-radiation (18). In our experiment, about 130 
exponentially growing HeLa cells were exposed to 0.1 to 50 Gy of heavy ion 
irradiation and monitored for their [Ca2+]cyt change (see photo of HeLa colonies in the 
supplemental materials). With such a large number of analyzed cells one can expect 
that the cells under scrutiny comprise a statistical distribution of all cell cycle states. 
However, none of the cells examined shows any appreciable Ca2+ response. This 
suggests that the cell phase of HeLa cells doesn’t play a role in the absence of 
Calcium response to heavy ion irradiation.  
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Calcium oscillations such as those induced by the stress are the result of a complex 
Ca2+ induced Ca2+ release (CICR) mechanism. This mechanism includes a number of 
coordinated steps of Calcium mobilization and buffering in a cell (17). The 
occurrence of these oscillations offers a possibility to investigate the influence of ion 
irradiation on the kinetic steps of CICR. As shown in Fig. 5b the irradiated AG1522-
D cells show a similar behavior as those in the control experiment without any 
irradiation (Fig. 4). Also a detailed comparison of the oscillations in treated versus 
untreated cells revealed no irradiation associated impact on the oscillation. This 
suggests that ion irradiation has neither positive nor negative influence on any of the 
steps contributing to the complex mechanism of the CICR and the resulting 
oscillations. Hallahan et al also reported that Bradykinin-induced [Ca2+]cyt increase 
was not inhibited by β-radiation (20). The fact that irradiation does also not effect the 
kinetic properties of the spontaneous oscillations further allows to conclude that 
irradiation has also no impact on the complex mechanism underlying Ca2+ induced 
Ca2+ release, i.e. the mechanism responsible for these oscillations.  
The Carbon and Argon irradiation used in this study have a linear energy transfer 
(LET) of 300 and 2000 keV/µm. This is much higher than the LET of 0.2 to 12 
keV/µm used in other related studies. It has been reported that cellular PKC responses 
could differ according to the LET (22). These authors found that high LET radiation 
had only a marginal effect on Protein Kinase C (PKC) mRNA expression while low 
LET radiation revealed a strong effect. Worth noting is that Calcium mobilization 
from internal stores and PKC activation share the same pathway via hydrolysis of 
phosphatidylinositol (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG) 
(23-24). In this context it might be possible that the absence of a Ca2+ response in 
HeLa and AG1522-D cells to ion irradiation is LET-dependent.  
A large body of data has demonstrated that non-irradiated cells co-cultured with 
irradiated cells or cultured in medium from irradiated cells showed cellular damage 
response (25-29). This so-called ionizing radiation-induced bystander effect has been 
proposed to result from potential cell-to-cell signaling mechanisms via secreted 
factors or intercellular gap junctions, including calcium signaling (30). It was reported 
that irradiated cell conditioned medium (ICCM) induced Calcium fluxes in HPV-G 
and fibroblast cells (31-33). This implies the involvement of secreted factors, which 
are able in triggering calcium signaling. In addition, gap junctions constitute direct 
intercellular channels and allow the exchange of ions and small molecules, including 
Ca2+ and IP3 (34). Such cellular connections can also be indirectly confirmed from 
the present data because we have seen synchronized Calcium oscillations between 
fibroblast cells (Fig. 4c). However monitoring of [Ca2+]cyt in non-irradiated bystander 
cells reveals in the present study no perceivable change in [Ca2+]cyt. This was 
independent on whether the bystander cells were in direct contact to irradiated cells or 
not. This implies that Calcium signaling neither plays a role in the early cellular 
response to ionizing radiation nor in the early stage of the bystander effect. 
Consequently, the mechanism of the ICCM induced elevation of Ca2+ (31-33) must be 
developed on a much longer time scale than that monitored here. 
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In conclusion, our experiments demonstrated that the ion irradiation and radiation-
induced DNA DSBs, did not induce any response of [Ca2+]cyt within seconds to half 
an hour after the treatment in human foreskin fibroblast cells and HeLa cells. This 
treatment also had no influence on the signaling network of Calcium oscillation 
induced by hypoxia stress. 
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Chapter VI 
Summary 
This thesis reports the construction of a Calcium imaging system at the single ion hit 
facility at GSI and its application to the investigation of Calcium responses to ion 
irradiation in mammalian cells. 
It has been recently reported that not only Calcium ions regulate the cellular responses 
to ionizing radiation but also that cells show intracellular Calcium responses to 
ionizing radiation. All previous investigations on this matter were so far done with 
ionizing radiations with a low linear-energy-transfer (LET). Here we are interested in 
the Calcium response of cells exposed to heavy ion irradiation, which has a much 
higher LET and has not been investigated before.  
To accomplish this, a Calcium imaging system based on ratiometric fluorescence 
imaging was built at the single ion hit facility for cell irradiation at GSI. The signal-
to-noise ratio of the measurements based on fluorescence images reached an average 
of 96:1 using established image analysis methods. The setup successfully detected the 
expected Calcium responses in cells treated with Hydrogen Peroxide and spontaneous 
Ca2+ oscillations in AG1522 cells. These oscillations occurred in standard cell dishes 
which were sealed air-tight, and could be prevented by using gas permeable cell 
dishes for experiments. In parallel, the targeting stability of the single ion hit facility 
was improved and a technique, namely an online hit verification method, was 
developed to check the targeting accuracy before the cell irradiation.  
Using the combination of the Calcium imaging system and the single ion hit facility, 
the intracellular Calcium concentration was examined in HeLa cells and human 
foreskin fibroblast AG1522-D cells before and immediately after irradiation with 4.8 
MeV/nucleon Carbon or Argon ions. No changes of intracellular Calcium level was 
observed in these two cell lines, both in cell dishes with hypoxic stress or in gas 
permeable cell dishes without stress. The irradiated AG1522-D samples showed the 
same behavior of Calcium signaling as control samples under hypoxia stress, under 
the aspects of the percentage of responding cells, the onset of the oscillations, the 
frequency and amplitude of the oscillations. It is concluded from these experiments 
that ion irradiation, and the subsequent cellular responses such as DNA double strand 
break and phosphorylation of H2A histone protein, do neither induce Calcium 
signaling nor influence Calcium signaling cascades stimulated by hypoxia stress. 
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VI. Zusammenfassung  
 
Zusammenfassung 
Thema dieser Arbeit sind Aufbau eines Calcium-Imaging Systems an der 
Schwerionen-Mikrosonde der GSI und die Untersuchung der Calciumantwort von 
Säugertierzellen auf  Ionenbestrahlung. 
Es wurde berichtet, dass Calciumionen die zelluläre Antwort auf ionisierende 
Strahlung regulieren können und dass die ionisierende Strahlung selbst intrazelluläre 
Calcium-Signalkaskaden auslösen kann. Alle bisherigen Experimente wurden mit 
ionisierenden Strahlungen von niedrigem Linear-Energy-Transfer (LET) durchgeführt. 
Ähnliche Experimente werden bisher noch nicht mit hoch-LET 
Schwerionenbestrahlung durchgeführt. Diese Arbeit behandelt daher die 
Calciumantwort von  Zellen auf  Schwerionenbestrahlung. 
Für diese Untersuchungen wurde ein Calcium-Imaging System, basierend auf einer 
ratiometrischen Fluoreszenzbildgebung, an der Einzelionen-Bestrahlungsapparatur 
der GSI konstruiert. Das Signal-zu-Rausch Verhältnis der Messungen, die auf der 
Analyse von Fluoreszenzbildern basierten, erreichte im Mittel 96:1. Der Messaufbau 
war in der Lage die erwartete Calciumantwort von Zellen, die mit Wasserstoffperoxid 
stimuliert wurden zu registrieren. Ferner war der Messaufbau geeignet um "spontane 
Ca2+ Oszillationen" in den Zellen nachzuweisen. Kontrollexperimente deckten auf, 
dass diese spontanen Ca2+ Oszillationen in AG1522 Zellen das Resultat eines 
Hypoxie-Stresses sind, der in den gasdichten Standard Zellgefäßen auftritt. Die 
Oszillationen konnten umgangen werden, indem man gasdurchlässige Zellgefäße 
benutzte. Gleichzeitig zu dem Calcium-Imaging System, wurde die Zielstabilität der 
Einzelionen-Bestrahlungsapparatur verbessert und eine Technik, nämlich eine Online-
Treffe-Verifikation Methode entwickelt, um die Zielgenauigkeit vor der 
Zellbestrahlung sicherzustellen. 
Mit Hilfe der Kombination aus Calcium-Imaging System und Einzelionen-
Bestrahlungsapparatur wurde die intrazelluläre Calciumkonzentration in HeLa Zellen 
und in menschlichen Vorhautfibroblasten AG1522-D vor und direkt nach der 
Bestrahlung mit 4.8 MeV/Nukleon Kohlstoff- oder Argonionen untersucht. In keinem 
Fall wurde eine strahleninduzierte Änderung der intrazellulären Calciumkonzentration 
in diesen zwei Zelllinien beobachtet. Das gilt sowohl für  Experimente in den 
gasundurchlässigen wie auch in den gasdurchlässigen Zellgefäßen. Unter hypoxischen 
Bedingungen zeigen die  bestrahlten AG1522-D Zellen das gleiche Calciumverhalten 
wie die Kontrollen hinsichtlich  der Anzahl an oszillierenden Zellen, Einsetzen der 
Oszillationen, Frequenz und der Amplitude der Oszillationen. Aus diesen 
Experimenten folgt, dass Ionenbestrahlung und die folgenden zelluläre Antwort wie 
DNA Doppelstrangbruch und Phosphorylierung des H2A Histonproteins, weder ein 
Calcium-Signal induzieren, noch eine durch Hypoxie-Stress bedingte Calcium-
Signalkaskade beeinflussen. 
 
 60
 
 
 
 
VII. Acknowledgement 
 
Acknowledgement 
At this point I would like to thank all people who contributed to the success of this 
work: 
Gerhard Kraft for his financial support and the opportunity to perform this work in his 
group. 
Gerhard Thiel for his supervision of this work, his proposal and helpful discussions 
concerning this work. His encouragement and cooperation made this work done 
fluently. 
Markus Löbrich for accepting to be the second referee and for his interest in this work. 
Bernd Fischer for his supervision of this work, his advices and helpful discussions 
concerning this work. Mr. Fischer is always willing to help and reachable for any 
questions and problems in the work. I would also like to thank Mr. Fischer for his 
help with my personal problem. 
Reinhard Neumann for the opportunity to perform this work in his group. Kurt 
Schwartz for his help with transmission spectroscopy measurement. Kay-Ober Voss 
for his help with some experiments. Former group member Phillippe Barberet and 
Markus Heiß for their help with programming. 
Gisela Taucher-Scholz for her helpful discussions and advices. Gudrun Becker for 
teaching me cell culture and providing cell lines. Burkhard Jakob and Thomas 
Pouthier for their help with the immunostaining and confocal microscopy. 
All the members in the Biophysics group and in the Materials Science group for the 
friendly atmosphere and the very tasty German cakes, and also for the German-
Chinese discussion during lunch and coffee break and teaching me German without 
any feeling of being annoyed. 
The last person that I would thank and I owe a lot is my wife Shukai Tian. Shukai 
sacrificed her career and has been taking care of my life and supporting my doctoral 
study in Germany. All the fun and happiness my son brings to me are credited to my 
wife. Without my wife I would not have finished this work. 
 
 
 
 
 
 
 
 
61 
 
 
 
 
 
 
 
 62
